In this report we have studied the effects of purified recombinant human IL-4 (rhIL-4) on proliferation of megakaryocyte progenitor cells in plasma-containing as well as in serum-free culture. rhIL-4 strongly inhibited formation of pure megakaryocyte colonies and megakaryocyte-containing mixed colonies. In contrast, rhIL-4 did not affect formation of erythroid bursts (BFU-E), eosinophil (EO) colonies, and erythrocyte-containing mixed (E-Mix) colonies, as we reported p r e v i~u s l y .~ These results indicate that in human system, IL-4 may be a negative regulator of megakaryocytopoiesis. Medicine, Kyoto, Japan; and Genetics Institute, Inc, Cambridge, MA. Submitted November 27, 1991; accepted October I , 1992 0006-4971/93/8103-0008$3.00/0 tisera) prepared against transforming growth factor 8, tumor necrosis factor a, interferon a (IFNa), and IFNy did not affect the inhibitory effects of IL-4 on pure and mixed megakaryocyte colony formation. In addition, the inhibitory effects of IL-4 was also seen in serum-free cultures and in cultures containing highly enriched CD34+, HLA-DR+ cells as a target population. These results indicate that IL-4 may function as one of the negative regulators in human megakaryocytopoiesis in vitro.
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MATERIALS AND METHODS
Recombinant factors. Purified Chinese hamster ovary (CHO) cellderived rhIL-4 was kindly supplied by Dr Kazuaki Hama (On0 Pharmaceutical, Osaka, Japan) and had a specific activity of 5 X IO6 U/ mg by human T-cell line (Sez 627) proliferation assay." Purified bacterially derived rhlL-3 was a generous gift from the Genetics Institute (Cambridge, MA) and had a specific activity of 2 X IO' U/ mg.13 GM-CSF was purified from media conditioned by CHO cells engineered to express human GM-CSF as described previously.14 Purified Escherichia coli-derived rhIL-1 1 was also supplied by the Genetics Institute and had a specific activity of2.52 X lo6 U/mg. Purified CHO cell-derived G-CSF and Epo were generous gifts from Dr Masayoshi Ono (Chugai Pharmaceutical, Tokyo, Japan) and had specific activities of I. 14 X IO8 U/mg and 180,000 U/mg, respectively. Purified bacterially derived rhlL-6 was kindly provided by Dr Akira Okano (Ajinomoto Co Inc, Yokohama, Japan) and had a specific activity of 6 X IO6 U/mg. Recombinant human transforming growth factor-PI (TGF-0,) was purchased from King Brewing Co (Kakogawa, JaPurified neutralizing anti-TGF-0 antibody was purchased from R&D Systems Inc (Minneapolis, MN). This antibody was prepared in chickens by injection of highly purified, native porcine platelet TGF-0, and has been found to have a high titer and specificity for neutralization of human and porcine TGF-PI and TGF-/31.2. Twenty micrograms of this antibody completely neutralized 5 ng of rhTGF-P, in our culture system (data not shown).
Murine monoclonal antibody (MoAb) to human interferon-cu (IFN-01) was purchased from Hayashibara Biochemical Laboratories Inc (Okayama, Japan). Twelve micrograms of this antibody neutralized 500 U of natural human IFN-a in the clonal culture (data not shown). Rabbit polyclonal anti-human antiserum was kindly provided by Dr Yoshikatsu Hirai (Otsuka Pharmaceutical Co, Tokushima, Japan). A 1: 100 dilution of this antiserum neutralized 400 U of natural human by the titration experiment (data not shown).
Rabbit anti-human tumor necrosis factor-a (TNF-a) antiserum was purchased from Genzyme Corp (Boston, MA) and a 1:lOO dilution of this antiserum neutralized 20 ng of purified native hTNFa in the clonal culture (data not shown).
Bone marrow (BM) cells were obtained by aspiration from the posterior iliac crest of healthy adult volunteers who had given informed consent. Each aspirate was placed in a 16-mL Falcon tissue culture tube containing 400 U of preservative-free heparin (Shimizu Pharmaceutical, Osaka, Japan). Mononuclear cells were separated using Ficoll-Paque (Pharmacia, Piscataway, NJ) density gradient centrifugation, and nonadherent cells were recovered by overnight adherence to plastic dishes. The mononuclear nonadherent (MNNA) cell fractions were further enriched for null cell fractions using a nylon fiber column (Wako Pure Chemical, Osaka, Japan) pan). Stained cells were sorted on a FACStar Plus single laser flow cytometry system. Sorting gates were established for both forward scattering (FSC) and FITC fluorescein-positive events (CD34'). A dual-parameter dotgram displaying FITC (CD34) and PE (HLA-DR) fluorescence was then generated from gated CD34+ events. Using this gated dotgram, sorting windows were established for both positive and negative FITC and PE fluorescence. Data were acquired in list mode using the FACStar Plus Research Software. A minimum of 30,000 events was analyzed on each sample. We isolated the CD34+, HLA-DR+ population. The phenotypic purity of sorted cells determined by postsort flow cytometric analysis exceeded 95%. After sorting, the recovered cells were washed twice with a-medium and cultured as described below.
Clonal cell cultitre. Plasma-containing culture was performed in 35-mm Lux suspension culture dishes (no. 171099; Nunc Inc, Naperville, IL) by using a modification' of the technique originally described by Iscove et al." BM null cells were plated at 1 X IO4 cells/ mL in 1 mL of culture containing 1.2% of 1,500 centipoise methylcellulose (Shinetsu Chemical, Tokyo, Japan), 10% platelet-poor plasma prepared as reported,18 which was prescreened for the ability to support megakaryocyte colony formation, 1 % crystallized and deionized bovine serum albumin (BSA) (Sigma Chemical Co, St Louis, MO), 5 X mol/L mercaptoethanol (Sigma), and one or more rhCSFs. Final concentrations of each CSF were as follows: IL-3, 100 U/mL; GM-CSF, 100 U/mL; G-CSF, 20 ng/mL; and Epo, 2 U/mL. These concentrations supported maximal colony formation as we reported elsewhere.' In some experiments we added 100 U/ mL of IL-6, which gave maximal effects on maturation of megakaryocyte progenitor cells in culture.l' We also used 10 U/mL of IL-1 I , a concentration that gave maximal synergistic effects with IL-3 on megakaryocyte colony formation (data not shown), to test the antagonistic effects of this IL against the suppressive effects of IL-4 on proliferation of megakaryocyte progenitor cells. In some experiments, neutralizing concentrations of anti (a) TGF-P, aIFNa, aIFNy, and aTNFa were added to cultures. Cultures were preincubated with these antibodies (antisera) for I hour at room temperature before starting cultures.
Serum-free culture was performed as reported p r e v i o~s l y . '~~~~ Briefly, 1 X IO4 BM null cells were plated in a 35-mm dish containing attenuated a-medium,15 1.2% 1,500 centipoise methylcellulose, I% fatty acid-and globulin-free BSA (Sigma) that had been crystallized and deionized, 5 X mol/L mercaptoethanol, 300 pg/mL fully iron-saturated human transfemn (95% pure, Sigma), 5 X mol/ L sodium selenite, 10 pg/mL lecithin (Sigma), 6 pg/mL cholesterol (Sigma), 1 pg/mL bovine pancreas insulin (Sigma), and various growth factors. For part of the experiments, 2 X IO3 or 500 highly enriched CD34', HLA-DR+ cells were cultured instead of BM null cells.
Dishes were incubated at 37°C in a fully humidified atmosphere flushed with a combination of 5% C 0 2 , 5% 02, and 90% N2. On day 14 of incubation, all colonies except pure megakaryocyte colony (CFU-MK) were scored on an inverted microscope according to their typical morphologic appearance. CFU-MK-derived colonies were enumerated on day 10 of incubation." Colony types identified in situ were pure megakaryocyte (M), granulocyte-macrophage (GM), erythroid burst (B), eosinophil (EO), megakaryocytecontaining mixed (M-Mix), and erythrocyte-containing mixed (E-Mix) colony.
Pure megakaryocyte colonies were identified in situ on an inverted microscope as clusters of large cells, which are highly refractile and show irregular contour and hyaline nongranulated cytoplasma as reported elsewhere.18.z'.22 Aggregates of four or more cells were scored as pure megakaryocyte colonies; the majority of colonies contained 20 to 200 megakaryocytes. Most of M-Mix colonies were EM colonies, which contained erythroblasts and megakaryocytes. Individual megakaryocyte colonies were aspirated with a micropipette and analyzed for cell composition by May-Griinwald/Giemsa staining. The megakaryocytic nature of the cells was confirmed by immuno-fluorescence analysis with antibodies against human factor VI11 antigen as reported previously.22
The significance of the difference of means was determined using the two-tailed Student's t-test.
IdentiJication of megakaryocyte colony.
Statistical analysis.

RESULTS
Effects of various concentrations of IL-4 on pure and mixed
megakaryocyte colony formation. First, we examined the effects of IL-4 on pure and mixed megakaryocyte colony formation in culture. To develop pure and mixed megakaryocyte colonies, we used the optimal concentration of IL-3 as a megakaryocyte-CSF (Meg-CSF) in the presence of Epo. The results are presented in Table 1 . As we reported previ~usly,~ 1L-4 alone did not support colony formation. However, 1L-4 strongly inhibited pure and mixed megakaryocyte colony formation in a dose-dependent manner. One hundred units (20 ng/mL) of IL-4 significantly suppressed pure and mixed megakaryocyte colony formation. In contrast, erythroid burst, eosinophil, and erythrocyte-containing mixed colony formations were not significantly affected by IL-4. In this experiment, we picked up all erythrocyte-containing mixed colonies supported by IL-3 plus Epo in the presence of IL-4 and analyzed them for cell composition by May-Grunwald Giemsa staining. We did not find any megakaryocytes in colonies. Based on these data we used 100 U/mL of IL-4 in the following experiments.
Effects of IL-6 or IL-1 I on the inhibitory effects of IL-4 on megakaryocyte colony formation. Next we tested the effects of IL-6 or IL-I I, which are known to be maturational or synergistic factors for megakaryocytopoie~is,~~-~~ on the suppressive effects of IL-4 on megakaryocyte colony formation. Concentrations up to 500 U/mL of IL-6 or 100 U/mL of IL-11 did not affect the inhibitory effects of 100 U/mL IL-4 on megakaryocyte colony formation, as shown in Table 2 . When over 10 U/mL of IL-1 I was combined with IL-3 plus Epo, the number of pure megakaryocyte colony increased more than twice of that with IL-3 plus Epo. However, the number of mixed megakaryocyte colony did not change significantly. 
Data represent the mean + SD of duplicate cultures containing 1 x 1 O4 BM null cells/dish.
Abbreviations: M, megakaryocyte; GM, granulocyte-macrophage; B, erythroid burst; EO, eosinophil; M-mix, megakaryocyte-containing mixed; E-* IL-3, 100 U/mL; Epo, 2 U/mL. t Percent significant change from control. P < .05.
t Percent significant change from control. P < .01. § CSFs contained IL-3 (100 U/mL), GM-CSF (100 U/mL). G-CSF (20 ng/mL), and Epo (2 U/mL). This culture contained 1 x lo3 BM null cells/dish.
Mix, erythrocyte-containing mixed colony.
Effects of delayed addition of IL-4 on megakaryocyte colony formation supported by IL-3 and Epo. To further clarify the mechanism of the antagonistic action of IL-4, we studied the kinetics of the suppressive effect by addition of IL-4 at different times after initiation of the cultures ( Table 3) . In these experiments, IL-4 added either on day 0 or day 2 of incubation suppressed both pure and mixed megakaryocyte colony formation. However, when addition of IL-4 was delayed until day 6, only mixed megakaryocyte colony and not pure megakaryocyte colony formation was suppressed. These results suggest that IL-4 acts on early stages of proliferation of megakaryocyte progenitors. On the other hand, the number of GM colonies, which are mainly pure macrophage colonies, also decreased significantly by the addition of IL-4, as we reported previously.'
Suppressive effects of IL-4 on megakaryocyte colony .formation in the presence of neutralizing antibodies (antisera) such as aTGF-P, aTNFa, aIFNa, and aIFNy. In our experiments we cultured partially purified progenitor cell populations at relatively low density ( 1 X 104/mL). However, our culture system may have contained significant numbers of accessory cells such as T cells, B cells, and monocytes/ macrophages, which could modulate the inhibitory effects of IL-4 directly or i n d i r e~t o r y .~~-~' To reduce this possibility, * P < .05.
5 Not significant 11 P < .01. Table 1 .
we investigated the inhibitory effects of IL-4 on megakaryocyte colony formation in the presence of neutralizing antibodies (antisera) against known negative hematopoietic regulators such as TGF-@, TNFa, IFNa, and IFNy. Type PI transforming growth factor (TGF-PI) inhibited approximately 90% of colony formation supported by IL-3 plus Epo and 20 pg of neutralizing aTGF-P antibody completely abrogated this inhibitory effect (data not shown). In the presence of 20 pg of aTGF-@ antibody, IL-4 inhibited pure and mixed megakaryocyte colony formation ( Table 4 ). In the same experiments, IL-4 also inhibited pure and mixed megakaryocyte colony formation in the presence of neutralizing aIFNa antibody ( 12 pg/mL), and neutralizing aTNFa (1 : 100 dilution) and aIFNy (1:lOO dilution) antisera (Table 4 ). In addition, a combination of four of these antibodies (antisera) did not affect the inhibitory effect of IL-4 on megakaryocyte colony formation. These results suggest that IL-4 inhibition of megakaryocyte colony formation is independent of these negative hematopoietic regulators.
Effects of IL-4 on megakaryocyte colony formation in serum-free culture. In the previous experiments, we used 10% platelet-poor plasma (PPP)" to support megakaryocyte colony formation. It is generally thought that PPP most likely contains CSFs and other substances that are capable of moddating the effects of growth factors such as IL-4 on megakaryocyte colony formation. To rule out this possibility, we cultured I X lo4 BM null cells per dish in our serum-free culture system" and tested the effects of IL-4. The results are shown in Table 5 . IL-4 again showed significant inhibitory effects on pure and mixed megakaryocyte colony formation. However, the numbers of eosinophil and erythrocyte-containing mixed colonies were not significantly changed. The total numbers of erythroid bursts plus megakaryocyte-containing mixed colonies were almost the same in the presence or absence of IL-4, whereas the number of erythroid bursts appeared to be increased, although this difference was not statistically significant. Because most of the M-Mix colonies were EM colonies, some of erythroid bursts may have been IL-4, 100 U/mL. t aTGF-p, antitransforming factor$ antibody (20 pg/mL). t aTNFa, anti-tumor necrosis factor-a antiserum (1 : 100 dilution).
5 alFNa, anti-interferon-a antibody (1 2 pg/mL).
II alFNr, anti-interferon-? antiserum (1 : 100 dilution).
ll Antibodies contained aTGF-8, aTNFa, alFNa, and alFNr. # P < .01. ** P < ,001. For Table 6 . To reduce the possibility that accessory cells may affect the inhibitory effect of IL-4 in the presence of PPP, we cultured these cells in the absence of PPP. As shown in Table 6 , 100 U/mL of IL-4 significantly inhibited pure and mixed megakaryocyte colony formation by CD34+, HLA-DR+ cells. These results provide further evidence that IL-4 may negatively regulate megakaryocytopoiesis in vitro.
DISCUSSION
In this report we investigate the effects of rhIL-4 on proliferation of megakaryocyte progenitor cells in plasma-containing as well as in serum-free culture system. IL-4 strongly inhibited pure and mixed megakaryocyte colony formation. In addition, this inhibitory action is selective for megakaryocytic as well as monocytic lineage. Formation of erythroid bursts, EO colonies, and erythrocyte-containing mixed colonies was not affected by the addition of IL-4 in culture, as we have reported previ~usly.~ As shown by the delayed addition experiment, IL-4 added on day 6 of incubation inhibited only mixed megakaryocyte colony formation, indicating that IL-4 acts on an early stage of proliferation of megakaryocyte progenitors. It has been well documented that TGF-6, TNFa, IFNa, and IFNy inhibited colony formation in cult~r e .~~.~' To reduce the possibility that these inhibitory cytokines mediate suppressive effects of IL-4 in our culture system, we tested the inhibitory action of IL-4 in the presence of neutralizing antibodies (antisera) against these cytokines. IL-4 again showed significant suppressive effects on megakaryocyte colony formation. Based on these data, IL-4 appears to exert its inhibitory action independently of the TNFa, TGF-6, IFNa, and IFNy. Moreover, the data obtained from serum-free cultures and from cultures containing highly enriched CD34+, HLA-DR+ cells as a target provide further evidences that IL-4 may function directly as a negative regulator of the megakaryocytic lineage in vitro.
Recently, a number of cytokines including IL-3, GM-CSF, Epo, IL-I , IL-6, IL-1 I , and TGF-6 have been shown to regulate megakaryocytopoiesis alone or in concert with other cytokines. ',2,'9,23.24.z6.32-38 hIL-6 has been shown to promote maturation of murine megakarycytic progenitor cells in vitroz3 and in vivo.38 Very recently, Paul et a124 and Teramura et alZ5 have reported that IL-11 can act synergistically with IL-3 in supporting murine and human megakaryocyte colony formation. As described previously, our delayed addition experiment suggests that IL-4 acts at an early stage of proliferation of progenitors. Therefore, we investigated the effects of IL-6 or IL-1 1, which positively act on the proliferation of very primitive hematopoietic progenitor^,^^.^ on the inhibitory effects of IL-4 on megakaryocyte colony formation. However, neither cytokine could abrogate the inhibitory ac- or GM-CSF-promoted burst-forming unit-megakaryocyte (BFU-MK)-derived colony formation using 5 X lo3 highly enriched CD34+DR-cells as a target.36 In o u r hands, 1 U / m L (0.2 ng/mL) of IL-4 did not show significant inhibitory effects on mixed megakaryocyte colony formation, whereas 100 U / m L (20 ng/mL) of IL-4 did inhibit pure and mixed megakaryocyte colony formation. On the other hand, Peschel et a14 reported that IL-4 stimulated megakaryocyte colony formation alone or i n combination with other cytokines in murine culture system. However, we a n d other investigators have failed to find stimulatory effects of rhIL-4 alone on megakaryocyte colony formation in h u m a n culture s y~t e m s~~.~~; in fact, we have found IL-4 to be strongly inhibitory in these systems. Our results suggest the possibility that IL-4 may function differently in the two different species as we reported previously.' To further clarify the direct actions of IL-4 o n megakaryocytopoiesis, single cell cultures of highly enriched progenitor cells will be required.
